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ABSTRACT: The formation of water-in-oil-in-water (W/O/W) 
double emulsions can be well-controlled through an organized self-
emulsification mechanism in the presence of rigid bottlebrush am-
phiphilic block copolymers. Nanoscale water droplets with well-
controlled diameters form ordered spatial arrangements within the 
micron-scale oil droplets. Upon solvent evaporation, solid micro-
spheres with hexagonal close packed nanopore arrays are obtained 
resulting in bright structural colors. The reflected color is precisely 
tunable across the whole visible light range through tailoring con-
tour length of the bottlebrush molecule. In-situ observation of the 
W/O interface using confocal laser scanning microscopy provides 
insights into the mechanism of the organized self-emulsification. 
This work provides a powerful strategy for the fabrication of struc-
tural colored materials in an easy and scalable manner. 
Nature created vivid colors via light absorption by pigments 
and/or reflection from periodic nanostructures, and the latter case 
is known as structural color. In comparison with pigmental color, 
structural color exhibits many unique features such as the resistance 
to photo/chemical bleaching, their stimuli responsive behaviors, 
and reduced toxicity.1 Structural color is typically created via crea-
tion of liquid crystalline phase, microphase separation of block co-
polymers (BCPs), or colloidal crystallization.2-3 Self-assembly of 
colloidal particles is the most widely used method to create three 
dimensional (3D) photonic crystals including opal or inverse opal 
structures. In particular, inverse opal is of great interest for optics, 
sensing and energy applications due to their ordered porous struc-
ture with large specific surface areas.4 However, such porous struc-
ture typically requires time-consuming multi-steps for the fabrica-
tion process and harsh conditions for subsequent etching to gener-
ate pores inside a polymer matrix such as using hydrofluoric acid, 
which brings a significant barrier to large-scale applications.  
In this work, we show that 3D ordered porous microspheres can 
be readily fabricated via one-step formation of ordered water-in-
oil-in-water (W/O/W) double emulsions in the presence of am-
phiphilic bottlebrush block copolymers (BBCPs). (Poly-
norbornene-g-polystyrene)-b-(polynorbornene-g-polyethylene ox-
ide) (PS-b-PEO) BBCPs were selected to demonstrate the facile 
fabrication of structural colored materials via a novel organized 
self-emulsification mechanism (see Figure 1). The molecular char-
acteristics and chemical structure characteristics are summarized in 
Table S1, Figure S1 and S2 (Supporting Information). It should be 
noted that the BBCPs with a low degree of polymerization (53 < 
DP < 77 repeat units) are employed for creating structural color. 
This is different from previous works in which self-assembly of 
BBCPs with huge molecular weights (MWs) are typically required 
for making nanostructures large enough to reflect visible light.5-12 
Synthesis of BCPs with very large MWs is challenging, and the 
obtained samples may have solubility issue when subjected to so-
lution processing.  
 
Figure 1. (a) Preparation of oil in water emulsion using a microflu-
idic device. The inset is a photograph of the obtained emulsion. (b) 
SEM micrograph of the porous microspheres after solvent evapo-
ration. The inset is a photograph of the obtained microspheres 
showing a bright structural color.  
Figure 1a shows the simple fabrication procedure involved in 
this work. BBCPs are dissolved in toluene forming clear solutions 
followed by emulsification in water containing polyvinyl alcohol 
(PVA) as the stabilizer (see Supporting Information for details). A 
flow-focusing microfluidic device was used to generate monodis-
perse microdroplets with a diameter of 120 μm leading to solid mi-
crospheres of approximately 35 μm upon drying of the organic sol-
vent as measured based on field emission scanning microcopy 
(SEM) (Figure 1b). W/O/W double emulsions are generated during 
the evaporation of the organic solvent, and the synergistic adsorp-
tion of bottlebrush amphiphiles and PVA onto O/W interface can 
induce a significant decrease in interfacial tension (Figure S3) lead-
ing to interfacial instability. Consequently, interface roughening 
happened with small water droplets infiltrated the toluene phase 
forming the W/O/W double emulsions. Such phenomenon has been 
 reported with linear BCPs as the amphiphiles, and various interest-
ing structures were created such as spherical micelle, worm-like 
micelles, foam-like porous particles etc.13-15 However, well-control 
over the self-emulsification process to create ordered periodic 
nanostructures showing bright structural colors has proven elusive.  
We demonstrate that the bottlebrush amphiphiles, rigid surfac-
tants, can produce nano-scale water droplets with well-controlled 
diameters within the toluene phase. Subsequently, ordered spatial 
arrangement of the water droplets are achieved resulting in the 3D 
ordered porous structure with bright structural colors upon drying 
of the organic solvent (Figure 1b and Figure 2). For contrast, hier-
archical porous structures were typically obtained with no struc-
tural color when using a linear PS-b-PEO BCP.14b The highly-ex-
tended molecular conformation of the bottlebrush polymer turns 
out to be the key factor that enables such organized self-emulsifi-
cation mechanism (see below).  
 
Figure 2. (a) Photographs and (b) optical micrographs (reflection 
mode) of the microspheres dispersed in aqueous phase showing 
varied structural colors dependent on DP. (c) Reflection spectra of 
the microspheres within the aqueous phase.  
We keep the volume fraction of PEO constant (~50%) to inves-
tigate the influence of total degree of polymerization (DP) on the 
porous structure and structural color. Here BBCPs with different 
DPs are labeled as BBCP-DP for the following statements. The re-
flected color is precisely tunable via changing the backbone length 
of the bottlebrush molecules (DP). Violet, blue, green, yellow and 
red colors are obtained using bottlebrushes with total DPs of ap-
proximately 53, 55, 60, 72 and 77, respectively (Figure 2a). Further 
increase DP to 88 results in a sample exhibiting a reflected color in 
near infrared range. Optical microscopy on individual micro-
spheres in water revealed bright color reflections (Figure 2b and 
Figure S4) with evident peaks in the reflection spectra (Figure 2c). 
This is consistent with their optical appearance on a macroscopic 
scale (Figure 2a). The intense reflection suggests the formation of 
an ordered periodic structure inside the microspheres. The reflec-
tion maximum and their shift as a function of structural parameters 
can be well described by using the following equation:   
                                                                (1) 
where λ is the wavelength of reflection maximum, d is the spacing 
between closed packed planes of pores, navg is the average refrac-
tive index (RI) of the materials, nvoid is the RI of aqueous phase in 
the void, and ϴ is the angle with respect to the normal to the close-
packed planes.4a According to equation 1, angle-dependent irides-
cence was also observed for the obtained samples indicating a well-
ordered structure obtained (Figure S5 and Figure 3). In addition, a 
blue shift of the reflection peak was observed for the reflection 
spectra of dried samples with the pores filled with air relative to 
that of the samples in water due to both decreased navg and lattice 
spacing (d) caused by a small shrinkage of the structure (Figure S6). 
 
Figure 3. (a) USAXS spectra of the microspheres prepared using 
BBCPs with different DP. (b) Average domain spacing of the peri-
odic porous structure (USAXS) as a function of DP. (c-f) SEM mi-
crographs showing the cross-sections of different microspheres 
with different pore diameters of 181±18, 260±15, 299±13 and 
395±19 nm, respectively. 
Ultra-small angle X-ray scattering (USAXS) and cross-sectional 
SEM are employed to characterize the porous structure formed 
within the dried microspheres (Figure 3). Three ordering peaks are 
evident in the USAXS spectra (Figure 3a) for the samples prepared 
using BBCPs with DPs varying from 60 to 120 indicating long-
range-ordered periodic structures formed. The q ratio of the three 
peaks is close to 1:  √3:  √7 corresponding to hexagonal close 
packed (h.c.p.) nanopore arrays.16 This is consistent with their an-
gle-dependent color change arising from the well-ordered structure 
(Figure S5). The average d-spacing of the periodic structure in-
creases linearly from 174 to 353 nm with the increase of DP from 
60 to 120 as calculated according to d = 2π/q* (Figure 3b) which 
is close to the values measured based on cross-sectional SEM (Fig-
ure 3c-f). The increase of d-spacing results in a red shift of the re-
flected color according to equation 1 consistent with the optical be-
haviors observed (Figure 2). The well-control of the pore size is 
achieved via an organized self-emulsification mechanism enabled 
by the rigid bottlebrush amphiphiles (see below). 
 The organized self-emulsification mechanism was disclosed via 
in-situ monitoring the evolution of W/O interface during solvent 
evaporation using confocal laser scanning microscopy. For conven-
ient observation, the W/O interface is created by adding a few drops 
of BBCP-120 solution in toluene onto the surface of PVA solution 
in water. A fluorescent dye was dissolved in the toluene phase to 
create a sharp contrast between oil and water phases. In our case, 
the dark and bright regions represent water and oil phases, respec-
tively. Figure 4a shows the fluorescent micrographs of the W/O in-
terface as a function of evaporation time. Water droplets with a 
broad size distribution and a few micrometer-large droplets are 
formed simultaneously upon creation of the W/O interface, which 
is similar to that observed previously when using linear BCPs.14 
More large water droplets and better contrast are confirmed after 
50 minutes of solvent evaporation, indicating more water was 
transferred into the oil phase. However, no evident control of both 
the droplet size and spatial arrangement was achieved at this point 
probably because the adsorption of bottlebrush amphiphiles onto 
W/O interface is not dense enough to control droplet size and create 
an ordered state. A significant change was observed after 100 
minutes of evaporation, and the large water droplets were clearly 
splitted into nearly uniform nanodroplets as highlighted in Figure 
4a suggesting more BBCP molecules are involved in forming the 
inner water droplets (see Figure 4b). Upon evaporation for 165 
minutes, the oil phase is nearly dried and ordered arrangements of 
the water nanodroplets is achieved. Concentrated suspension of 
nearly uniform water droplets crystallizes driven by entropy which 
is similar to that of colloids crystallization: The free volume of hard 
spheres is greater than that of disordered state resulting in higher 
entropy in the ordered state.17 SEM micrograph (Figure 4c) of the 
dried film shows ordered spatial arrangement of the obtained na-
nopores, which is similar to the structure observed in the micro-
spheres. The ordered porous structure was further confirmed by the 
bright blue color observed as well as the SEM micrograph for the 
dried film using BBCP-60 (Figure 4d). Moreover, organized self-
emulsification was also achieved without PVA in the aqueous 
phase affording a dried film with an ordered structure and a bright 
reflected color (see Figure S7). This suggests that BBCP am-
phiphile is playing a critical role in the organized self-emulsifica-
tion mechanism with limited contribution from PVA. The stable 
W/O emulsions obtained indicates the high performance of the 
BBCP surfactants, which is similar to previous studies on W/O or 
O/W emulsions using Janus bottlebrush amphiphiles as the effec-
tive stabilizer.18  
Rapid self-assembly behavior of BBCPs has been reported in 
bulk benefiting from much less polymer chain entanglement rela-
tive to that of linear analogues.19 Analogously, the highly extended 
molecular conformation of the bottlebrush can not only enable 
rapid adsorption and desorption of the bottlebrush molecules at 
W/O interface to approach a hydrodynamic equilibrium state but 
also form a thin film with the unique molecular arrangement on the 
W/O interface resulting in water droplets with well-controlled 
spherical curvature. For comparison, it is much more difficult to 
achieve the well-control using flexible linear BCPs as kinetically 
trapped state typically exists and the flexible molecules can form a 
variety of different molecular packing manners. In order to further 
confirm that the organized self-emulsification is greatly benefiting 
from the rigid conformation of the BBCP, we synthesized a triblock 
copolymer (Polynorbornene-g-polystyrene)-b-(polynorbornene-6-
bromohexanoate)-b-(polynorbornene-g-polyethylene oxide) (PS-
b-NBH-b-PEO) with a linear polymer block as the flexible spacer 
which will greatly decrease the rigidity of the molecular backbone. 
As a result, a broad reflection peak was observed for the micro-
spheres as shown in the reflection spectrum, corresponding to a po-
rous structure with less control on pore size as well as their spatial 
arrangement as indicated by cross-sectional SEM (See Figure S8 
for details). The influence and theoretical study of more molecular 
parameters on the obtained nanostructure is a subject of future stud-
ies. 
 
Figure 4. (a) Fluorescent micrographs of the W/O interface using 
confocal laser scanning microscopy. (b) Illustration of the large 
droplet splitting into uniform small droplets with ordered spatial 
arrangement. (c) SEM micrograph of the dried film using BBCP-
120. (d) Photograph and SEM micrograph of a dried film prepared 
using BBCP-60.  
In summary, we have demonstrated a powerful strategy for facile 
fabrication of ordered porous materials with bright structural colors 
via forming ordered W/O/W double emulsions. The reflected color 
is tunable across the whole visible light range greatly dependent on 
DP of the BBCP. An organized self-emulsification mechanism en-
abled by bottlebrush amphiphiles was disclosed via in-situ obser-
vation of the W/O interface evolution. In addition, BBCPs with 
only small DPs are required to generate structural color which 
makes it easy for the chemical synthesis. The one-step fabrication 
process has great potential for large-scale fabrication of photonic 
materials at low cost. 
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